IMPORTANCE It remains unclear if and how associations between cerebral small-vessel disease and Alzheimer disease (AD) pathology lead to cognitive decline and dementia.
A lzheimer disease (AD) is thought to be caused by amyloid aggregation and the formation of tau tangles. 1 By contrast, in vascular dementia (VaD), infarcts or profuse white matter disease are considered the cause of cognitive decline. 2 However, postmortem studies show a high prevalence of mixed pathology, especially in elderly populations. 3 Many studies show cerebral small-vessel disease (SVD) and vascular risk factors to increase the risk of developing AD, 4,5 while in both VaD and SVD, signs of AD pathology have been reported. [6] [7] [8] It remains unclear how the interaction between SVD and AD pathology leads to dementia. Small-vessel disease could be an independent process leading to dementia in combination with coexisting yet unrelated AD pathology, but ischemic SVD might also contribute directly to AD pathology, eg, by accelerating the rate of amyloid deposition owing to ischemic changes or by inducing ischemia owing to amyloid deposition in the vessels (cerebral amyloid angiopathy [CAA] ). [9] [10] [11] [12] The apolipoprotein E (APOE) ε4 genotype is a well-known risk factor not only for AD but also for cardiovascular disease and CAA, and it could be a modifying factor in the association of SVD and AD. [13] [14] [15] [16] [17] Cerebrospinal fluid (CSF) β-amyloid 42 (Aβ42), total tau (tau), and tau phosphorylated at threonine 181 (P-tau 181 ) are considered to reflect AD pathophysiology. 18 White matter hyperintensities (WMH) and lacunes are magnetic resonance imaging (MRI) measures for ischemic SVD. 2 Microbleeds (MBs)
are considered a marker of underlying CAA and have also been related to hypertensive vasculopathy. 9, 19 By examining relationships of MRI-based MBs, WMH, and lacunes with levels of CSF Aβ42, tau, and P-tau 181 in patients with AD, patients with VaD, and control participants, we explored the relationship between SVD and AD pathology. In addition, we examined the modifying effects of the APOE genotype on these relations.
Methods

Study Population
We included 914 consecutive patients in our study; 547 were patients diagnosed as having AD, 30 were patients diagnosed as having VaD, and 337 were control participants with subjective memory complaints from the memory clinic-based Am- 
MRI Assessment
Scans were obtained on 4 different MRI scanners (in order of frequency): Signa 3.0-T (n = 557) (GE), Magnetom Impact 1.0-T (n = 243) (Siemens), Sonata 1.5-T (n = 77) (Siemens), Signa 1.5-T (n = 20) (GE), and Avanto 1.5-T (n = 16) (Siemens). The MRI rater was a neuroradiologist with special dementia neuroimaging expertise and was blind to clinical data. Microbleeds were defined as rounded hypointense homogeneous foci up to 10 mm in the brain parenchyma on T2*-weighted images. On the fluidattenuated inversion recovery (FLAIR) sequence, WMH were assessed using the Fazekas scale (none, punctuate, early confluent, confluent; score 0-3). 23 Lacunes were defined as deep lesions from 3 to 15 mm with CSF-like signal on FLAIR, T1-weighted, and T2-weighted images. Medial temporal lobe atrophy (MTA) was rated (0-4) using oblique coronal reconstructions of T1-weighted gradient-echo volume sequences perpendicular to the long axis of the hippocampus. 24 Global cortical atrophy was assessed on the axial FLAIR sequence (0-3). 25 On both scales, maximal atrophy is represented by the highest score. Magnetic resonance imaging readings were dichotomized as the following: MBs, 0 vs 1 or more; WMH, 0 or 1 vs 2 or 3; lacunes, 0 vs 1 or more; and MTA, (average score left and right side) 0 or 1 vs 2 or more.
CSF Analysis
Cerebrospinal fluid was obtained by lumbar puncture using a 25-gauge needle and was collected in 10-mL polypropylene tubes. Within 2 hours, CSF samples were centrifuged at 1800g for 10 minutes at 4°C. A small amount of CSF was used for routine analysis including total cells, total protein levels, and glucose levels. Cerebrospinal fluid supernatant was transferred to 0.5-or 1-mL polypropylene tubes and stored at −20°C for enzyme-linked immunosorbent assay analysis within 1 month. Biomarkers of CSF were measured with Innotest sandwich enzyme-linked immunosorbent assay as previously described. 26 As the manufacturer does not supply controls, the performance of the assays was monitored with pools of surplus CSF specimens. The mean (SD) intra-assay coefficient of variation was 2.0% (0.5%) for Aβ42, 3.2% (1.3%) for tau, and 2.9% (0.8%) for P-tau 181 as calculated from averaging the CV of duplicates from 5 runs randomly selected over 2 years. The mean (SD) interassay coefficient of variation was 10.9% (1.8%) for Aβ42,
APOE Genotyping
For APOE genotyping, DNA was isolated from 10 mL of EDTA blood by the QIAamp DNA blood isolation kit (Qiagen). The genotype was determined with the Light Cycler APOE mutation detection kit (Roche Diagnostics GmbH). Patients were classified as APOE ε4 noncarriers or carriers. Data on APOE were available for 861 patients (94%) (327 control participants, 507 patients with AD, and 27 patients with VaD).
Data Analysis
Biomarker levels of CSF were log transformed because they were not normally distributed. Differences between diagnostic categories for baseline characteristics were assessed using analysis of variance with post hoc Bonferroni corrections or Fisher exact test when applicable. Linear regression analyses were used to investigate the association between dichotomous MRI measures (independent variables) and CSF biomarker levels of Aβ42, tau, and P-tau 181 (dependent variables), adjusted for age, sex, MTA, diagnosis (as categories), and interaction terms for diagnosis by MRI measure to estimate effect sizes per diagnostic group. First, separate analyses were done for MBs, WMH, and lacunes. Second, we combined the different MRI measures in 1 multivariate model to analyze independent effects on the CSF biomarker levels. Finally, we investigated the effect of APOE ε4 on the associations between the MRI measures and CSF biomarkers by adding APOE ε4 genotype and interaction terms for (1) diagnosis by MRI measures, (2) APOE ε4 genotype by MRI measure, and (3) APOE ε4 genotype by MRI measure by diagnosis. If there was interaction (APOE ε4 genotype by MRI measure, P <.10), we reported the associations between MRI measures and CSF biomarkers separately for APOE ε4 noncarriers and carriers. We used the third-grade interaction term (APOE ε4 genotype by MRI measure by diagnosis) to estimate effect sizes per diagnosis group. If there was no significant interaction, the interaction term was removed from the model and we reported with APOE ε4 genotype as covariate. In all analyses, the standardized betas are given with a P value. We used SPSS version 21 statistical software (IBM) for analyses.
Results
Baseline characteristics are shown in Table 1 . Cerebrospinal fluid Aβ42 levels were lower in patients with AD than in control participants and patients with VaD; in addition, CSF Aβ42 levels were lower in patients with VaD than in control participants. Levels of CSF tau and P-tau 181 were higher in patients with AD than in both control participants and patients with VaD. Carrying APOE ε4 was more common in patients with AD than in control participants. Microbleeds, lacunes, and WMH were more common in patients with VaD than in both control participants and patients with AD; in addition, MBs and WMH were more common in patients with AD than in control participants.
Linear regression analyses adjusted for sex, age, and MTA showed that vascular MRI measures were mainly associated with CSF Aβ42 levels ( Figure 1) . The presence of MBs was associated with lower Aβ42 in patients with AD and VaD, with a trend in control participants ( Table 2) . Control participants with MBs had higher levels of tau. There were no effects for Ptau 181 . The presence of WMH was associated with lower Aβ42 in control participants and patients with VaD, with only a trend in patients with AD, but there were no effects for tau or P-tau 181 . For presence of lacunes, there were only trends: the presence of lacunes was associated with higher Aβ42 in patients with VaD (P = .07) and lower tau in patients with AD (P = .05).
When we analyzed all 3 MRI measures in 1 combined model, most associations remained the same (Table 2) . Associations between MBs and Aβ42 in patients with AD as well as between MBs and higher tau in control participants just lost significance, but effect sizes remained in the same order of magnitude. Contrary to results of separate models, lacunes were the strongest predictor for higher (ie, less reduced) CSF Aβ42 in patients with VaD, whereas WMH no longer predicted levels of Aβ42 in patients with VaD. While it was not associated in the separate model, WMH were associated with lower levels of CSF P-tau 181 in patients with AD in the combined model.
We included APOE in the model in an additional set of analyses. When interaction was significant, associations are reported separately for APOE ε4 carriers and noncarriers, and if there was no interaction, we show results adjusted for APOE genotype ( Table 3) . In 4 models there was an interaction between the MRI measure and AP OE genotype (P < .10). In control participants and patients with AD the association between MBs and lower Aβ42 was seen only in APOE ε4 carriers. In patients with AD there appeared to be an association between MBs and both lower tau and P-tau 181 in APOE ε4 noncarriers but not in carriers. In control participants there was an association between WMH and lower CSF Aβ42 in APOE ε4 carriers, but not in noncarriers. In the other models there was no significant interaction with APOE genotype, and adjustment for APOE genotype did not change results in these analyses.
Discussion
In our study, the presence of both MBs and WMH was associated with lower CSF levels of Aβ42, indicating a direct relationship between SVD and AD pathology. Amyloid pathology appears aggravated in patients with vascular damage, which supports pathophysiological synergy. In control participants, tau levels were elevated in the presence of MBs, which could indicate that this increase of tau is a result of neuronal cell death in patients not diagnosed as having AD. Effects on CSF Aβ42 levels were largest in ε4 carriers, indicating an inducing role of the APOE ε4 genotype in the relation between AD and vascular pathology.
Previous studies have shown close relations among MBs, CAA, and amyloid pathology. Hypotheses for this close relation include that the abundance of parenchymal amyloid, as seen in patients with AD, leads to more vascular amyloid, CAA, and MBs 9, 11 and that vessel brittleness leads to reduced clearance of amyloid, also resulting in CAA, MBs, and an increase of amyloid pathology. 7, 27, 28 This is in line with the association between lower Aβ42 and MBs in both patients with AD and patients with VaD in our study. Furthermore, it has been suggested that amyloid accumulation in small arteries and capillaries leads to vessel wall changes, which in turn leads to lumen obstruction and ischemia. [10] [11] [12] 29, 30 This is in line with the associations we found between lower Aβ42 levels and WMH in Linear regression analyses with dichotomous MRI measures (separate analyses for white matter hyperintensities, lacunes, and microbleeds) and cerebrospinal fluid biomarker levels of β-amyloid 42 (Aβ42) (A), tau (B), and tau phosphorylated at threonine 181 (P-tau 181 ) (C) (dependent variables) were used, adjusted for age, sex, mediotemporal lobe atrophy, and diagnosis (as categories). Interaction terms for diagnosis MRI measure were included to estimate effect sizes per diagnosis group. Bars indicate standardized betas; error bars, 95% confidence intervals of the standardized betas.
a Lacunes seem to reflect a different type of pathology. We found a positive association between Aβ42 and lacunes in patients with VaD, indicating that lacunes are associated with lower amounts of amyloid in the brain. Lacunes and AD pathology seem to lead independently to cognitive decline, while a combination of enough additive damage leads to clinical (vascular) dementia. 3 The difference between the associations of amyloid and both MBs and WMH on one hand and lacunes on the other hand could be related to anatomy. Decreased amyloid clearance and vessel wall brittleness seem to be problems of the smallest arteries and capillaries of the cortex, mainly due to CAA, while lacunes are caused by obstruction of the larger arterioles, mainly in deeper regions, rather than associated with hypertensive vasculopathy.
31
The APOE ε4-noncarrying patients with AD with MBs had lower levels of both tau and P-tau 181 compared with those without MBs. Tau tangle pathology seems relatively unrelated to vascular pathology and could independently lead to cognitive decline. We hypothesize that owing to a relatively higher degree of vascular damage in this group of patients, a relatively lower degree of tau tangle pathology is sufficient for a diagnosis of (AD) dementia. For amyloid pathology, effects were the other way around. Our study showed that APOE ε4 carriers with MBs or WMH showed lower levels of CSF Aβ42, which is in line with previous studies. 5, [13] [14] [15] [16] [17] 32, 33 The APOE ε4 genotype is a risk factor for both AD and CAA. [13] [14] [15] [16] [17] Moreover, it is also associated with increased inflammatory response, 34 less effective degradation of amyloid, 35 and reduced transmembrane amyloid transport. 13 In overly expressed amyloid, there will be more CAA in ε4 carriers owing to impaired mechanisms of amyloid clearance in this genotype. 33 In turn, the accumulated CAA could lead to more MBs and WMH owing to increased inflammation. Our results support the hypothesis that SVD and AD pathology are directly associated. The APOE ε4 genotype seems to upregulate this association ( Figure 2) . Previous studies have not consistently shown associations of WMH with CSF biomarkers or Pittsburgh Compound B amyloid load, possibly owing to lack of power as most of these studies had a relatively small sample size. 27, 29, [36] [37] [38] At the center where this study took place, lumbar puncture and MRI are both performed on a routine basis in most patients presenting with memory problems, resulting in a large study sample. We did not account for WMH pathology location, although there are studies suggesting that either frontally and/or parieto-occipitally located WMH are associated more with neurofibrillary pathology. 27, 39 It has been suggested that deep WMH are less associated with amyloid pathology, as deep regions can also diffuse amyloid directly into the CSF (via the ventricles). 27 Others have hypothesized that frontal WMH are more heterogeneous and do not always reflect ischemia but could also reflect cortical neurodegeneration. 39 Further (postmortem) studies are needed to unravel this. Another possible limitation of our study is that we had a relatively small number of patients with VaD, making the estimated effects less reliable (ie, larger confidence intervals) for this group. However, pure VaD is a rare disorder and large data sets are difficult to attain.
Conclusions
Our study supports the hypothesis that the pathways of SVD and AD pathology are interconnected. Small-vessel disease could provoke amyloid pathology while AD-associated cere- Abbreviations: Aβ42, β-amyloid 42; AD, Alzheimer disease; MBs, microbleeds; MCI, mild cognitive impairment; P-tau 181 , tau phosphorylated at threonine 181; VaD, vascular dementia; WMH, white matter hyperintensities. a Linear regression analyses were used to investigate the modification by apolipoprotein E (APOE) genotype in the association of dichotomous magnetic resonance imaging measures (independent variables) and cerebrospinal fluid biomarker levels of Aβ42, tau, and P-tau 181 (dependent variables). Analyses were adjusted for age, sex, mediotemporal lobe atrophy, diagnosis (as categories; dummy variables) and APOE ε4 genotype (as categories; dummy variables for noncarriers and ε4 carriers), and interaction terms for (1) diagnosis by magnetic resonance imaging measures, (2) APOE ε4 genotype by magnetic resonance imaging measure, and (3) APOE ε4 genotype by magnetic resonance imaging measure by diagnosis were used. If there was interaction (P < .10), we reported the associations between magnetic resonance imaging measures and cerebrospinal fluid biomarkers separately for APOE ε4 noncarriers and ε4 carriers; if there was no significant interaction, the interaction term was removed from the model and was reported with APOE ε4 genotype as covariate. Data for APOE genotype were available for a subset of the cohort, with a total of 861 patients (327 control participants, 507 patients with AD, and 27 patients with VaD). b P < .05. 
